INTRODUCTION
Apple is a widely grown and commercially important fruit crop in Latvia, occupying about 9000 ha, of which more than 1300 ha are modern commercial orchards. The total area of pear orchards is 200 ha, of which commercial orchards represent only 122 ha (Skrivele et al., 2008) . The first initiatives for the development of virus-free planting material in Latvia started in the 1970s when methods and measures for the propagation of healthy, virus-free planting material were applied (Kilevica et al., 1976; Svarcbahs et al., 1977) . These initiatives were interrupted at the beginning of 1990s when the EU Marketing Directive 92/34/EC was approved (Anoymous, 1992b) . During the past two decades, many commercial apple orchards have been established using introduced cultivars and clonal rootstocks. Pears are grown mainly on seedling rootstocks. Due to the specific requirements of adaptation to local climatic conditions, mainly domestic cultivars and cultivars originating in Russia, Belarus, Kazakhstan, and Lithuania have been used for establishment of new apple and pear orchards. Currently, all orchards are established using planting material corresponding to Conformitas Agraria Communitatis (CAC) standard, the lowest category of quality for planting material (Reed and Foster, 2011; Skrivele and Kaufmane, 2015) . Therefore, the risk of using infected planting material for establishment of new orchards is high.
Sixteen graft-transmittable organisms including viruses, viroids, phytoplasmas, and virus-like diseases in apple require testing and twelve diseases for pears, according to the European and Mediterranean Plant Protection Organisation (EPPO) certification scheme for pathogen-tested material (Anonymous, 1999) . Apple chlorotic leaf spot virus (ACLSV), Apple mosaic virus (ApMV), Apple stem pitting virus (ASPV), and Apple stem grooving virus (ASGV) are the most widespread viruses on apple and pear with worldwide distribution, including in Latvia (Desvignes, 1999; Pupola et al., 2011) . Infections by these viruses usually are latent; however, the growth, poor survival of grafted buds, and productivity of infected trees can be severely affected (Sutic et al., 1999; Cembali, 2003; Maxim et al., 2004;  PROCEEDINGS OF THE LATVIAN ACADEMY OF SCIENCES. Section B, Vol. 71 (2017 ), No. 3 (708), pp. 156-165. DOI: 10.1515 /prolas-2017 ESTABLISHMENT Lenz and Lankes, 2006) . Causal agents are not known for several of the diseases of apple and pear that should be tested within the certification schemes, and in those cases the diseases can be tested only using woody indicator plants. These include fruit and bark deforming disorders, such as apple chat, pear bark necrosis, rubbery wood, flat limb, rouge skin, star crack and other graft-transmissible disorders (Fridlung et al., 1989; Anonymous, 1999) .
A starting point for a production of virus-free planting material of fruit trees is the establishment and availability of virus-free mother trees or nuclear stock collections. The EPPO scheme defines two types of categories for healthy mother plants: (i) virus-free (VF), where the individual plants have been tested for all virus and virus-like pathogens and disorders; and (ii) virus-tested (VT), where only the most important pathogens have been inspected and tested (Anonymous, 1992a) . The introduction of virus-free material from other countries is suggested as an alternative for the initiation of nuclear stock collections in cases where such material is not available in the particular country (Anonymous, 1999) . However, if the import is from countries outside the EPPO region, the material should be tested for all other known viruses occurring in the particular region.
Healthy initial planting material can be obtained by elimination of viruses using thermotherapy, apical meristem cultures, chemotherapy and micrografting techniques or combining several methods (Svarcbahs et al., 1977; Cieslinska and Zawadzka, 1999; Sutic et al., 1999; Wang et al., 2006; Paprstein et al., 2008) . Thermotherapy is a standard and widely used method to eliminate viruses from infected fruit trees. The temperatures applied and duration of heat treatments vary depending on the pathogen and plant species exposed to the thermotherapy (Posnette and Cropley, 1956; Campbell and Best, 1964; Cropley, 1968; Howell et al., 1998) . The main limitations of this method are low tolerance of some genotypes of fruit trees to elevated temperatures, space required in the growth chambers for the needed quantity of treated material and lack of complete elimination of all viruses by thermotherapy Sutic et al., 1999; Paprstein et al., 2008) . Another efficient method for obtaining virus-free plants is propagation in vitro using apical meristem cultures, but its use in practice for trees is limited due to somaclonal variation (Ostry et al., 1994; Rani et al., 1995; Anonymous, 1999) . Therefore, a mandatory demand in certification schemes is verification of trueness to type for fruit tree cultivars that have been propagated in vitro (Anonymous, 1999) , significantly extending time and increasing the costs for the establishment of virus-free plants.
After sanitation procedures, each candidate plant for nuclear stock should be tested to confirm freedom of graft-transmissible diseases. Despite the availability of PCR-based detection methods for most of the pathogens listed, the use of woody indicators is still compulsory to verify freedom of fruit crops from graft-transmittable diseases (Anonymous, 1999; Jelkmann, 2001) . The molecular detection methods can be used only for rapid screening of treated material, to confirm woody indicator test results and monitoring of health status of nuclear stock plants in the greenhouse (Reed and Foster, 2011; Thompson et al., 2011) .
The initiative to produce virus-free planting material for fruit crops in Latvia was re-started by the Institute of Horticulture (LatHort; formerly Latvia State Institute of FruitGrowing) in [2005] [2006] . The alternative to introducing virus-free planting material as a pre-basic stock from other countries was not possible for apple and pear due to the lack of appropriate standard source for the majority of the cultivars needed. Therefore, sanitation procedures for cultivars of interest and development of experimental nuclear stock collections for apple and pear were started in 2006. The specific aims of this work were: (i) to evaluate and establish most suitable thermotherapy conditions for target apple and pear cultivars; (ii) to assess possibilities for sanitation of target apple and pear cultivars from the most widespread viruses; and (iii) to establish experimental nuclear stock collections for apple and pear.
MATERIALS AND METHODS
Plant material. Twenty-six apple cultivars and 16 pear genotypes, including introduced and local cultivars and perspective hybrids, were selected for sanitation and establishment of experimental nuclear stock collections, according to EPPO standard PM 4/27(1) (Anonymous, 1999) . Propagation material was collected from trees in pomological field trials or germplasm collections at LatHort and Pûre Horticultural Experimental Station (Pûre HRS). Each year, starting from 2007, about ten apple and ten pear cultivars were budded on one-year old seedling rootstocks grown in containers filled with steam-sterilised peat substrate and maintained in an insect-proof greenhouse. Trails with cultivars that did not lead to establishment of candidate plants for several reasons (buds did not grow on rootstock, plants did not overwinter or did not survive thermotherapy) were repeated in the next year. The schematic presentation of steps and timing for establishment of experimental nuclear stock collections is shown in Figure 1 .
Seventeen accessions of woody indicators were obtained from the Netherlands Inspection Service for Horticulture (Naktuinbouw) in 2010, propagated on one-year old seedling rootstocks and maintained in an insect-proof greenhouse.
To avoid frost damage to the potted candidate plants, they were kept in a greenhouse with heating to prevent decrease of ambient temperature below -10°C. During winter, the greenhouse floor was covered with 5 cm thick foam plastic blocks. Containers with substrate were wrapped in rock wool and plants were covered with horticultural fleece. Starting from 2014, instead of rock wool, pots were insulated with polyethylene bubble-wrap and tops of the plants were wrapped in a double layer of horticultural fleece (density 17 g/m 3 ).
Thermotherapy. Two or one-year-old candidate plants were placed in growth chambers KBWF 240, KBWF 270 (Binder GmbH, Germany) and EKOCHL 1500 (Angelantoni Life Science, Italy) under a 16 h light and 8 h dark period, and humidity level 75%. The conditions for thermotherapy for each year and plant species used are summarised in Table 1 . In 2009, plants were maintained in heat-treatment for 40 days as recommended by several authors (Svarcbahs et al. 1977; Lenz and Lankes, 2006) . In 2010 and 2011, the heat treatment period was prolonged to 70 days as suggested by Howell et al. (1998) . In the next years, the treatment duration and temperature at night were reduced (Table  1) . To prolong tree life during the heat therapy, at the beginning the trees were acclimatised for one week at 35°C during the day and 30°C during the night, as previously recommended by Welsh and Nyland (1965) . The duration of all treatments was calculated from the first day when temperature was elevated to 35°C.
Shoot tips (5 mm) of heat-treated apple and pear plants were excised with a sterile blade and grafted onto vigorous seedling rootstocks 'Antonovka' or 'Kazrauðu', respectively. Grafted plants were covered with glass jars to maintain humidity and kept in a growth chamber at 25°C. When 3 to 4 leaves were produced, the jars were gradually removed, and plants were transferred to the greenhouse.
Detection of viruses.
The presence of ApMV, ACLSV, ASGV, and ASPV in the mother trees and all candidate plants before and after thermotherapy was tested by RT-PCR. Samples from mother trees (buds, leaves) were collected in May. Leaf samples from each candidate plant before thermotherapy were collected in April. Samples from candidate plants after the thermotherapy were collected starting from the next season after overwintering from April to June.
For total RNA isolation, approximately 100 mg of frozen leaf tissues from each sample were grounded into a fine powder in liquid nitrogen and suspended in 200 µl TE buffer. The extraction of RNA was carried out with a Genomic DNA Purification Kit (ThermoFisher Scientific, Lithuania) following the manufacturer's recommendations with minor modifications. DNA/RNA precipitation was done with cold 96% ethanol overnight instead of 10 min at -20°C. The quantity and quality of the RNA were measured using a spectrophotometer NanoDropR ND-1000 (Thermo Scientific, USA). RNA was directly used for RT-PCR assay or stored at -80°C until analysis.
RT-PCR assays were carried out with the OneStep RT-PCR kit (Qiagen AG, Germany) according to the manufacturer's instruction, using virus-specific primers (0.6 µM) and Nad5 primers (0.25 µM) as an internal control, which were obtained from Menzel et al., (2002 Table 2 ). The highest number of plants that survived the heat treatment and overwintered to further growing seasons was for candidate material 1/2012/2013 when the length of heat treatment was reduced to 40 days, adaptation period prolonged to seven days and age of plants subjected to the thermotherapy was one year (Tables 1, 2 ).
Pears tolerated heat treatments better than apple, and 71-100% of pear plants, depending on candidate material, survived during the thermotherapy ( The letter and the first number indicate the chronological order and species of candidate material taken into the scheme, the second shows the year of establishment of candidate plants, and the third indicates the year of thermotherapy. ** The total number for apple or pear represents the number of genotypes that have been taken into the scheme, it is not a sum of genotypes for each candidate material since several genotypes were repeated.
only for domestic cultivars 'Zane', 'Baiba', 'Gita', 'Edite', 'Roberts', 'Ligita', 'Dace', and 'Uldis' from recent breeding programmes and for a few introduced cultivars (Table  3) . Other apple cultivars in most cases were infected with two or three viruses. Some apple cultivars, such as 'Rubin' and 'Ausma', were infected with all four tested viruses. Trees of selected pear cultivars were mostly infected with one virus or viruses were not detected (Table 4) .
The established candidate plants were individually tested after budding on seedling rootstocks in the next season prior to thermotherapy. Similarly, as in mother trees in the field, the same viruses were detected in several of the established candidate plants of apple and pear. In some cases, other viruses than in mother trees were detected for both host species, such as ASGV in apple and ASGV and ASPV in pear (Tables 3, 4 ). The established candidate plants of domestic apple cultivars from recent breeding programmes appeared to be infected with several viruses that were not detected in mother trees (Table 3) .
For the candidate material 1/2007/2009, no viruses were found in the next year after thermotherapy in all survived apple and pear plants subjected to the heat treatment for 40 days. However, ASGV and ApMV were detected in apple and pear, respectively, in the second season after thermotherapy. Extending exposure at high temperatures and heat treatment in general effectively eliminated ACLSV for most of the apple cultivars, but ASGV and ASPV were still detected in several plants (Table 3) . For candidate material 4/2010/2012, to increase the outcome of survived plants after the heat treatment, the length of thermotherapy was reduced (Table 1) . After thermotherapy, some candidate plants of apple cultivars 'Dace' and 'Zarya Alatau' remained infected with ACLSV.
The duration of thermotherapy was shortened to 40 days and temperature was decreased during the dark period to 30°C for candidate material 5/2012/2013 to improve plant vitality and promote faster growth. Newly established plants by shoot-tip grafting were tested in the next three seasons after the thermotherapy. In these conditions, ACLSV and ApMV were successfully eliminated from most of the infected apple and pear cultivars. However, similarly as in other years, individual plants of apple and pear were positive on ASGV or ASPV (Tables 3, 4) .
Testing on woody indicators. Individual plants of nine apple cultivars from candidate material 3/2009/2011, which were negative to all tested viruses in RT-PCR tests, were selected for testing on woody indicators for four widespread pome fruit viruses. In the first year, after eight weeks of double budding on indicators, none of the tested candidate plants showed symptoms characteristic of virus infections. Nevertheless, plants of M. platycarpa double budded with cultivar 'Rubin' on seedling rootstock and used as positive controls expressed chlorotic rings on leaves characteristic for ACLSV infection already two weeks after budding (Fig.  2B) . Necrotic grooves in a flame-like pattern at the graft union indicating ASGV infection were observed on M. pumila 'Virginia Crab' double budded with cultivar 'Rubin' on seedling rootstock (Figure 3) . Negative control plants of M. platycarpa and M. pumila 'Virginia Crab' did not express such symptoms and remained without any signs that would indicate viral infections ( Fig. 2A) . Symptoms of ASPV and ApMV were not expressed on woody indicators budded with a positive control.
DISCUSSION
The high temperature is widely used for virus elimination in plants, including for apple (Welsh and Nyland, 1965; Lenz and Lankes, 2006) . High temperature can inhibit virus multiplication and movement in plant tissues; therefore thermotherapy can significantly improve virus elimination efficiency . However, the application of elevated temperatures and exposure time are limited due to the heat tolerance of plant species and genotypes (Stein et al., 1991) . Pears are considered to be more sensitive to prolonged exposure to high temperature than other woody plant species (Paprstein et al., 2008) . In our work pear tolerated heat treatment better than apple, especially if the length of exposure reached 70 days, when survived plants after treatments were about 70% and 45%, respectively. The main problem for the establishment of nuclear stock material was the low survival of buds grafted on seedling rootstocks after thermotherapy and overwintering of newly established plants after the heat treatment. Therefore, many plants were lost during the first and also following winters.
The efficiency of the thermotherapy depends on different sensitivity of viruses to elevated temperatures (Campbell and Best, 1968) and subsequently on the reliability of the method used for detection of viruses in treated plants. Among methods used for detection of viral infections in plants, RT-PCR is considered as the most reliable and sensitive method (Reed and Foster, 2011) . However, the efficiency of RT-PCR depends on the quality of extracted RNA, due to the high quantities of polyphenol compounds and polysaccharides in leaves of fruit trees that can inhibit RT-PCR (MacKenzie et al., 1997; Deng et al., 2004 Therefore, plant RNA is used as an internal control to verify PCR quality; this is especially important in the cases of negative results (Menzel et al., 2002) . Thermotherapy is particularly associated with a long latent period before viruses can be detected and success of detection is related to the concentration of viruses in plant material (Leonhardt et al., 1998) . In our work, this was evident for apple cultivar 'Auksis' and pear cultivar 'Jumurda' from candidate mate- heat treatment but also on the specific interaction between the virus and particular genotype, as also noted by Paprstein et al. (2008) . Although ACLSV can be relatively easily eliminated from apple plants by a short period of heat treatment (Campbell and Best, 1964) , in our study, apple cultivars 'Zarya Alatau' and 'Dace' remained infected with ACLSV after exposure at the elevated temperature for 60 days. ASGV and ASPV multiply in plant cambium and are unevenly distributed in plant tissues; therefore they are more difficult to eliminate and their detection is complicated (Desvignes, 1999; Gugerli and Ramel, 2003) . ASGV is classified as a recalcitrant virus and heat does not effectively inhibit replication and distribution of the virus throughout the plant (Knapp et al., 1995) . The testing of heat-treated plants for more than one season after the thermotherapy showed that ASGV and ASPV occasionally appear in apple cultivars 'Ausma', 'Baltais Dzidrais', 'Liberty', 'Melba', 'Spartan', and 'Rubin', and in later years they were even indeterminable in these cultivars. Maintaining of plants in protective conditions in the greenhouse can influence the uneven distribution of viruses in plants. Mixed infections of viruses in plants are more difficult to eliminate (Laimer and Barba, 2011) . As shown in our previous studies (Pupola et al., 2011) , pome fruit viruses are widely spread in Latvia due to propagation on infected clonal rootstocks and use of the scions from infected cultivars. Therefore, selection of mother trees without virus infections in orchards for propagation material was not possible in this work. Many cultivars were infected with at least two viruses and remained infected even after heat treatments for 60-70 days. In mixed infections, ACLSV is more resistant to the heat (Knapp et al., 1995) , which was also shown in our work for apple cultivars 'Dace' and 'Zarya Alatau', where ACLSV occurred in combination with two other viruses and was not eliminated by heat treatment. ApMV was detected in apple and pear mother plants in the field before thermotherapy and occasionally also after thermotherapy. ApMV is not stable and can disappear as a single infection in apples over the years without any treatment, as explained by Laimer and Barba (2011) .
Among 72 apple and ten pear candidate plants that survived thermotherapy and overwintered, 63 plants from 24 apple cultivars and nine plants from six pear cultivars showed negative results on all four tested viruses during several years after thermotherapy with RT-PCR, and could be qualified as virus-tested nuclear stock plants. For nine apple cultivars, virus-free status was also evaluated on woody indicators in the greenhouse, and no virus infections have yet been confirmed for the tested plants. To confirm the virusfree status of candidate plants to all graft-transmittable diseases of apple and pear, testing on woody indicators in the field is necessary, which usually takes 2-3 years to develop symptoms and up to 5 years before symptoms are assessed (Panattoni et al., 2013) . As seen from experience in other countries, the development of virus-free nuclear stock of fruit trees leading to qualification according to all requirements is a long-term process requiring more than ten years (Van der Berg, 2003; Rowhani et al., 2005; Lenz and Lankes, 2006) . This is mainly due to the time needed for propagation of trees, mixed virus infections that are difficult to eliminate, and the requirement for testing on woody indicators to confirm the virus-free status of candidate plants.
The main reason for the low outcome of candidate nuclear stock plants in our work was the reduced cold tolerance of heat-treated plants during over-wintering in the greenhouse and mixed infections with several viruses in mother trees. Wang, L., Wang, G., Hong, N., Tang, R., Deng, X., Zhang, H. (2006 
